Objective: To investigate whether miR-141 and the sex determination region of Y chromosome box 11 (SOX11) play roles in steroid-induced avascular necrosis of the femoral head (SANFH), and to explore whether miR-141 could target SOX11 to influence the proliferation of bone marrow mesenchymal stem cells (BMSC).
Introduction
G lucocorticoids are used in the treatment of many inflammatory, allergic, immunologic, and malignant disorders. Steroid-induced avascular necrosis of the femoral head (SANFH) can be induced by the long-term use of glucocorticoids 1, 2 . There are 20 million necrosis of femoral head patients in the world and more than 5-7.5 million in China 3 . SANFH is a great physical and psychological burden on patients. Thus, it is urgent to understand the pathogenesis and provide corresponding treatment strategies. However, the mechanism of SANFH remains unclear. It is well known that long-term use of glucocorticoids leads to abnormal lipid distribution. One possible mechanism for SANFH involves alterations in circulating lipids with resultant microemboli in the arteries supplying bone 4 . Another is the increasing bone marrow adipocyte size and number, which may be able to block the venous outflow 5 . In addition, apoptosis and autophagy of osteocytes were induced by using glucocorticoids 6, 7 . Cell death could be caused by ischemia and hypoxia. The death of osteocytes could lead to a decrease in bone mass, further increasing the risk of trabecular fracture 7 . In addition, glucocorticoids have multiple effects on bone formation 8 . Several studies argue that increased sclerostin production through osteocytes could inhibit long-term bone formation, resulting in suppression of the Wnt/β-catenin pathway and an increase of the peroxisome proliferator-activated receptor. Finally, pluripotent precursor cells tend to differentiate into adipocytes rather than osteoblasts 9, 10 . It is thus clear that improving the treatment options for lipid metabolism disorder and increasing the bone mass are crucial for prevention of SANFH.
The identification of a population of cells in the bone marrow that could form a number of mesenchymal cell populations ex vivo led to the concept of a mesenchymal stem cell (MSC) 11 . Matsuya et al. (2008) suggested that the injection of autologous MSC into the femur could alleviate the progression of disease in steroid-induced osteonecrosis patients treated with high-dose short-term steroids, which revealed that MSC had a positive influence on SANFH 12 . It has been verified that BMSC could be progenitor cells that differentiate into osteoblasts, osteocytes, adipocytes, and chondrocytes 13, 14 .
In addition, they are reported to be closely associated with lipid metabolism and osteogenic differentiation 15 . The proliferation and differentiation of BMSC are reported to be associated with osteopenia-related disease, including osteoporosis and steroid-induced osteonecrosis 16, 17 . This might be due in part to the combination of increasing of bone resorption and suppression of bone formation. Studies have shown that glucocorticoids could suppress bone formation through a direct effect on BMSC 18 . In addition, use of glucocorticoids leads to osteoporosis, which further causes fractures of the trabecular and delays in bone repair so that collapse of the femoral head can, finally, occur 19 . Lee et al. (2006) report that BMSC are impaired in steroid-induced osteonecrosis due to a decrease in their proliferative ability 20 . Based on the above, investigating the regulators of BMSC in proliferation and differentiation might provide new insight into the mechanism of SANFH.
Victor Ambros first discovered microRNA (miRNA) and revealed that miRNA could regulate more than 30% of human genes; in addition, they are regarded as endogenous small RNA molecules with biologically regulatory functions 21, 22 . MiRNA is a non-coding single-stranded small RNA molecule that promotes degradation of target genes by binding to their 3 0 -UTR region 23 . Furthermore, miRNA have regulatory roles in gene expression at the post-transcriptional level 24 . Sangani et al. (2015) argue that miRNA are involved in the regulation of cell functions, including differentiation, proliferation, and migration of BMSC 25 . In addition, miRNA are associated with glucocorticoid-related pathological processes 26, 27 . MircroRNA-141 (miR-141) was reported to be associated with cell proliferation in breast cancer cells 28 . Research has reported that miR-141 decreasing osteogenic and miRNA inhibitors could increase the osteogenic gene expression in BMSC 29 . The SOX (sex determination region of Y chromosome box) family is a group of transcription factors that play a key role in cell growth 30 . It has been found that overexpression of SOX11 (sex determination region of Y chromosome box 11) could inhibit the proliferation of ovarian cancer, while downregulation of SOX11 could restrain the proliferation of thyroid tumors 31, 32 . In addition, it has been reported that blocked endogenous glucocorticoid receptors could increase the proliferation of BMSC and upregulate expression of osteogenic and 11 (SOX11) 33 . SOX11 was also found to be associated with capability of osteochondral differentiation of BMSC 34 . MiR-141 and SOX11 were both associated with proliferation and osteogenic differentiation of BMSC; the correlation between them is still unclear.
From the above, miR-141 and SOX11 could be potential regulators in BMSC and further affect proliferation and differentiation of BMSC to prevent or delay the progression of SANFH. However, the roles of miR-141 and SOX11 in SANFH have been studied little and the correlation between miR-141 and SOX11 remains unclear. Further exploration is necessary.
To solve these issues, in our study, we investigated the regulation of miR-141 and SOX11 in SANFH. Furthermore, we explore the association between miR-141 and SOX11 and whether miR-141 and SOX11 can regulate the proliferation of BMSC. Finally, we verify whether inhibition of miR-141 can target SOX11 to promote the proliferation of BMMSC.
Materials and Methods
Cell Culture and Transfection Three 4-week-old male Sprague Dawley rats (SCXK2017-0001) were killed by cervical dislocation method. The weights of the rats were 69.3, 70.1, and 69.5 g, respectively. The bilateral femurs and tibias were removed under sterile conditions and the attached muscles were removed. A 10-mL syringe was used to rush the bone marrow cells from femurs and tibias. This was repeated several times, until the femur and tibia appear pale. Cells suspensions were collected. After removing impurities and centrifuging, the α-MEM (Hyclone, USA) was added to the mix. The cells were incubated at 37 C with 5% CO 2 . The culture medium was removed after cells grew to 80%-90%. PBS (Hyclone, USA) was used to wash the cells. After trypsin (Hyclone, USA) digestion and centrifugation, the cells were subcultured at 1:3.
The BMSC were divided into two groups. The group control was the normal BMSC and the group dexamethasone (DEX) was BMSC affected by dexamethasone with the final concentration at 1 μmol/L. The mRNA analysis was performed after incubation for 24 h.
Negative control (NC), miRNA mimics of miR-141, miRNA inhibitors and overexpression vector of SOX11 were purchased from Shanghai Gemma Pharmaceutical (Shanghai, China). Lipofectamine 3000 (Invitrogen Life Technologies, Carlsbad, CA, USA) was used for transfecting BMSC according to the manufacturer's instructions. Transfected cells were used for mRNA analysis and the cell proliferation assay.
Flow Cytometry Assay
Bone marrow mesenchymal stem cells were identified by flow cytometry assay. The cells were washed with PBS. The cells were then resuspended in the PBS-2%BSA. The cells were adjusted to 2 × 10 7 cells/mL. Then we added the primary antibody including CD29 Monoclonal Antibody (eBioscience, 11-0291-82, USA), CD29 Monoclonal Antibody (eBioscience, 11-0461-82, USA), and CD90 Monoclonal Antibody (eBioscience, MA1-80648, USA) at the recommended concentration according to the manufacturer's instructions. After incubation and centrifugation, flow cytometry assay (Becton Dickinson, USA) was performed.
Cell Proliferation Assay
Bone marrow mesenchymal stem cells (5000/per well) were plated in a 96-well plate. Each well had 3000 cells. After the cells were attached to the well, three subgroups including the SOX11 group and the control group, the miR-141 inhibitor group and the control group, and the miR-141 mimic group and the control group were divided. Each subgroup was set the five same wells. Cells were placed in an incubator for 72 h. Then 10 μL of methyl thiazolyl tetrazolium (Beyotime, China) was added in each well, and we cultivated the plates for 3 h in the cell culture incubator. Finally, we added approximately 150 μL of DMSO (Sigma, USA) to each well after removing the medium. An Absorbance Microplate Reader (Thermo fisher, Multiskan 51119000, USA) platform was used to measure the absorbance at 570 nm.
Luciferase Experiment
We polymerase chain reaction (PCR)-amplified 3 0 -UTR of SOX11 and cloned this into a pmirGLO Vector to construct the reporter assay vector. We transfected 60% confluent cells of 60% in 24-well plates with reporter vector using 5 μL Lipofectamine 3000 and 40 ng pRL-Tk. BMSC were cotransfected with the constructed wild-type or mutant pmirGLO Vector (100 ng), and either 100 ng of NC or miRmimic per well, respectively. We isolated cellular extracts at 48-h post-transfection, and evaluated luciferase activity with the help of the Dual Luciferase Reporter Assay System (Promega, USA).
Real-time Polymerase Chain Reaction Assay
We used TRIzol Reagent (Invitrogen, USA) to isolate total RNA from cells according to the instructions of the manufacturer. The PrimeScript RT Reagent Kit (TaKaRa, Dalian, China) was used for conversion of RNA into cDNA; the miRNA Extraction Kit (Ribobio, Guangzhou, China) helped to achieve the same objective with respect to miRNA. Quantification of transcripts was attained by performing RT-PCR using SYBR Premix Ex Taq (TaKaRa, Dalian, China). We used the ABI StepOne Plus Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific,USA) to perform quantitative PCR (qPCR) using the SYBR-Green PCR Kit (TaKaRa, Dalian, China). The qPCR protocol consists of the following steps: (i) initial denaturation for 5 min at 95 C; and (ii) 40 cycles involving denaturation at a temperature of 95 C for 10 s, followed by annealing and extension at 60 C for 34 s. We repeated the experiments five times.
The mRNA expressions of miR-141 and SOX11 were measured in control and SANFH groups. The mRNA expressions of miR-141 and SOX11 were measured in the group which was transfected by miR-141 mimic and miR-141 inhibitor.
Data Collection

Flow Cytometry Assay
The expression of the cell markers, including CD29, CD45, and CD90 specific for mesenchymal and hematopoieticstem cells, was analyzed with flow cytometry. According to the results of the flow cytometry assay, it could be identified whether BMSC-positive markers CD29 and CD90 but not the marker CD45 were on the surface of the cells. Then, we could identify whether or not the cells we cultured were hematopoietic stem cells.
MRNA Analysis
For mRNA analysis, real-time PCR assays were performed. The relative quantity (RQ) value was used to indicate the expression level of mRNA. Application of double Δ Δ CT analysis was used to calculate the RQ value. The values we obtained could be used to evaluate the expression of mRNA.
Proliferation Assay
For cell proliferation assay, an Absorbance Microplate Reader platform was used to measure the absorbance at 570 nm. The measured optical density (OD) values were used to indicate the cell proliferation ability.
Luciferase Activity
With the help of the Dual Luciferase Reporter Assay System (Promega, USA), we could evaluate luciferase activity values. The values were used to verify whether miR-141 could directly target SOX11-3 0 -UTR.
Statistical Analysis
The results were represented in the form of mean standard deviation. We used SPSS 17.0 software (IBM, Armonk, NY, USA) for statistical analysis. We performed t-tests to compare the differences between the experimental group and the control group. The normality test was performed first and then an independent samples t-test was performed to compare differences because the data followed a normal distribution. A P-value <0.05 was deemed statistically significant. Fig. 2 The flow cytometry assay was used to identify bone marrow mesenchymal stem cells (BMSC). The red histogram shows the situation before staining and the blue histogram shows cells following staining by anti-rat CD29, CD45, and CD90 fluorescein isothiocyanate. The cells were positive for CD29 and CD90 while negative for CD45. BMSC, bone marrow mesenchymal stem cells; CD, cluster of differentiation. Fig. 1 shows the morphology of BMSC under an ordinary optics microscope. The results of the flow cytometry assay showed that the cells were positive for CD29 and CD90, while the cells were negative for CD45 (Fig. 2) .
Result
Cell Identification of Bone Marrow Mesenchymal Stem Cells
Cell Transfection of Bone Marrow Mesenchymal Stem Cells
The BMSC were transfected by miR-141 mimic, miR-141 inhibitor, and SOX11. The mRNA expression of miR-141 in the miR-141 transfection group was significantly higher than that of the control group and the average expression value of the miR-141 mimic transfection group was nearly 11.9 times that of the control group (11.918 AE 0.313 vs 1 AE 0.043, P < 0.001; Fig. 3A ). The mRNA expression of miR-141 in the miR-141 inhibitor transfection group was significantly lower than that of the control group and the average expression value of the control group was nearly 3.4 times that of the miR-141 inhibitor transfection group (1 AE 0.010 vs 0.296 AE 0.023, P < 0.001; Fig. 3B ). The mRNA expression of SOX11 in the SOX11 transfection group was significantly higher than that of the control group and the average expression value of the SOX11 transfection group was nearly 5.6 times that of control group (5.638 AE 0.023 vs 1 AE 0.037, P < 0.001; Fig. 3C ).
The mRNA Expression of miR-141 in Dexamethasone
The mRNA expression of miR-141 in the DEX group was significantly higher compared with the control group and the average expression value of miR-141 in the DEX group was nearly 4.1 times that of the control group (4.117 AE 0.042 vs 1 AE 0.027, P < 0.001; Fig. 4 ).
mRNA Expression of SOX11 in Dexamethasone
The mRNA expression of SOX11 in the DEX group was significantly lower than that of the control group and the average expression value of SOX11 in the control group was nearly 1.6 times that of the DEX group (1 AE 0.008 vs 0.611 AE 0.055, P < 0.001; Fig. 5 ).
Association Between miR-141 and SOX11
The luciferase experiment was performed to assess whether miR-141 was directly targeting SOX11 expression through the target site in the 3 0 -UTR of SOX11. The average value of luciferase activity in the wild-type group was significantly lower than that of the negative control group and the average luciferase activity value in the negative control group was nearly two times that of the wild-type group (1 AE 0.070 vs 0.500 AE 0.020, P < 0.001), while no statistical difference was found between the mutant type group and the negative control group (0.980 AE 0.140 vs 1 AE 0.020, P > 0.05; Fig. 6 ).
According to the results of the real-time PCR assay, the mRNA expression of SOX11 in the miR-141 inhibitor transfection group was significantly higher than that of the control group and the mRNA average expression value of SOX11 in the miR-141 inhibitor transfection group was nearly 2.6 times that of the control group (2.623 AE 0.220 vs 1 AE 0.095, P < 0.001; Fig. 7 ).
Proliferation of Bone Marrow Mesenchymal Stem Cells Affected by miR-141
It was showed in Fig. 8A that the average OD value in the miR-141 mimic transfection group was significantly lower than that of the control group and the average OD value in the control group was nearly 1.6 times that of the miR-141 mimic transfection group (0.618 AE 0.092 vs 1.004 AE 0.082, P < 0.001). In contrast, the average OD value in the miR-141 inhibitor transfection group was significantly higher than that of the control group and the average OD value in the miR-141 inhibitor transfection group was nearly 1.3 times that of the control group (0.960 AE 0.095 vs 0.742 AE 0.091, P < 0.001; Fig. 8B ).
Proliferation of Bone Marrow Mesenchymal Stem Cells
Affected by SOX11 In Fig. 9 , the average OD value in the SOX11 transfection group was significantly higher than that of the control group and the average OD value in the SOX11 transfection group was nearly 1.3 times that of the control group (1.064 AE 0.093 vs 0.747 AE 0.090, P < 0.001).
Discussion
T reatment and prevention of SANFH remains a challenge for clinical medicine. It has been verified that glucocorticoids are associated with lipid metabolism. In addition, it was found that collapse of the trabecular bone and increasing empty lacunae occurred in SANFH 35 . The apoptosis and autophagy rates of osteocyte increased in the model of SANFH 36 . BMSC was found to be associated with lipid metabolism and osteogenic differentiation 13, 14 . Recent research revealed that osteogenic differentiation of BMSC in the SANFH was suppressed while lipid differentiation was increased 37 . These findings suggested that BMSC play a significant role in pathological changes associated with SANFH. It is crucial to investigate regulators of BMSC in SANFH. According to our results, we found that miR-141 and SOX11 are potential regulatory factors of BMSC. Our study revealed that miR-141 could be a regulator of BMSC by inhibiting proliferation. It has been reported that miR-141 reduced osteogenic differentiation in BMSC by regulating SVCT2 29 . MiR-141 was reported to be associated with tissue repair induced by mesenchymal stromal cells in acute kidney injury 38 . In addition, miR-141 was found to be overexpressed during senescence as a result of epigenetic regulation, which may lead to reduced tissue regeneration capacity and a decline in physiological functions 39 . Some studies have argued that downregulation of miR-141 could increase the proliferation of osteosarcoma cells and colorectal cancer SW480 cells 40, 41 . In addition, it has been reported that upregulating miR-141-3p suppresses the invasion and migration of prostate cancer cells in vitro 42 . Those findings suggest that miR-141 is an inhibitor of cell proliferation and osteogenic differentiation. However, the association between proliferation of BMSCs and miR-141 still need to be investigated. In our study, we verified that miR-141 was upregulated in SANFH and that miR-141 could suppress the proliferation of BMSC. Our results coincided with other studies revealing that inhibition of miR-141 could promote cell proliferation. Glucocorticoids could increase the expression of miR-141 so that proliferation of BMSC is inhibited. Thus, we assumed that the reduction of BMSC could lead to the downregulation of osteogenic differentiation, further increasing the risk of trabecular fracture and delaying repair of bone tissues, and, finally, inducing the pathological change of SANFH.
Our research revealed that a new gene named SOX11 was associated with SANFH. SOX11 was expressed in the early passages of BMSC and decreased with replicative senescence of cells 43 . In our study, we found that SOX11 was downregulated in the group of SANFH while overexpression of SOX11 could promote the proliferation of BMSC. Our results concurred with the conclusion drawn by other researches that upregulation of SOX11 was associated with increasing proliferation of BMSC. It has been proven that blocking of glucocorticoid receptor using small interfering RNA and RU486 could upregulate the expression of SOX11 and promote the cell proliferation and capability of osteochondral differentiation in BMSC 33, 34 . We assumed that glucocorticoids induce cell aging, injury, and death, including apoptosis and autophagy; SOX11 may be downregulated along with the aging and death of cells. SOX11 could be a new target gene to treat and prevent SANFH due to the reason that SOX11 is correlated with proliferation and osteogenic differentiation of BMSC.
We found that miR-141 and SOX11 were both associated with SANFH and proliferation of BMSC. We further verified that miR-141 could directly target the expression of SOX11. Inhibition of miR-141 upregulated the expression of SOX11 to promote the proliferation of BMSC. The association between miR-141 and SOX11 concurred with results from separate experiments. Therefore, miR-141 might be a positive factor to prevent or treat SANFH by targeting SOX11 and promoting proliferation. However, there are still several limitations in our study. First, we mainly concentrated on the expression of miR-141 and SOX11 in in vitro study, and an in vivo model of SANFH should be further established and related studies should be performed to verify the regulation of miR-141 and SOX11 in SANFH. Phosphorylation tests should also be performed. Second, we mainly focus on the proliferation of BMSC affected by miR-141 and SOX11, and we did not perform the related experiment to investigate the differentiation of BMSC. In future research, we will further investigate the osteogenic differentiation of BMSC to verify the other roles of miR-141 in SANFH by targeting SOX11. Third, human tissue and blood samples should be collected to further confirm the conclusions that we drew. Finally, the detail pathway involved and molecular mechanisms should be further explored.
To sum up, our results suggested that miR-141 inhibited the proliferation of BMSC in SANFH by targeting SOX11. Inhibition of miR-141 upregulated the expression of SOX11 and promoted the proliferation of BMSC. MiR-141 and SOX11 could be targets to investigate the mechanism of SANFH and other related diseases, including osteoporosis and other ossification-related diseases.
